By far, the most important factors that limit plant productivity are salinity and drought (1) . Salinity affects more than 40% of irrigated land, especially the Mediterranean basin, California, and Southern Asia (2) . Today, biotechnology offers the possibility to improve crops. An important challenge, however, remains the identification of genes that can improve stress tolerance. The study of plants naturally adapted to extreme desiccation has led to the hypothesis that the genetic information for tolerance to osmotic stress exists in all higher plants (3) . In osmosensitive plants, this information is expressed only in seeds and pollen grains that undergo a desiccation process. To identify limiting steps in osmotolerance of plants we have performed a functional strategy based on the complementation of yeast (Saccharomyces cerevisiae) with an Arabidopsis thaliana cDNA library from siliques. We report here on a plant gene that is a key determinant for multiple stress tolerance in plants as well as in yeast.
MATERIALS AND METHODS

Plant Material and Growth Conditions. A. thaliana (L.)
Heynh. ecotype Columbia was grown in soil in the greenhouse (250 E; 16 hr light͞8 hr dark, 60% humidity, 22°C) or in vitro on K1 medium. Stress treatments were applied on 10-day-old plants as described (4) .
Tobacco BY2 cell culture was done as described (5) . To compare growth of tobacco plant cells on solid medium, 7-day-old cultures were transferred to Gamborg B5 medium at a density of 10 6 cells⅐ml
Ϫ1
. After 2 days of growth, cell density was adjusted to 1.5 ϫ 10 6 cells ⅐ ml Ϫ1 and 1 ml cells was dropped on solid medium and grown for 3 weeks in the dark. To compare growth of plant cells in suspension, fresh weight of 5-ml culture was measured after filtration through a 25-mpore-size nylon filter. Filters were dried briefly on Whatman paper and weighted.
Plasmids, Yeast Strains, and Media. The DY yeast strain [MATa his3 can1-100 ade2 leu2 trp1 ura3::(3xSV40AP1-lacZ)] was kindly provided by N. Jones (Imperial Cancer Research Fund, London). The S7-4A (MATa dbf2::URA3 ura3 leu2 ade5 trp1 his7) and the CG378 (MATa ura3 leu2 ade5 trp1) strains were kindly provided by L. Leindl (Max-Planck-Institut für Züchtungsforschung, Cologne, Germany).
The DBF2-coding sequence was PCR-amplified with the following primers: 5Ј-GGC CGG ATC CGG ATG GCA GGC AAT ATG AGC AAT TTG AGT TTC GAT GGG CAT GGG ACT CCT (BamHI site underlined) and 5Ј-CCG GCT CGA GAC GCT AGT AAA AGG TTG AGA AGG GGT CTG AGT GTT CCA GCC CGT TGA A (XhoI site underlined). After 40 cycles at 94°C for 1 min, at 52°C for 1 min, at 72°C for 1 min, and a final extension at 72°C for 20 min, a 1.7-kb insert was amplified from 100 ng DY yeast strain DNA in a 50-l mixture containing Taq buffer (Boehringer Mannheim) and 2 units of Taq polymerase (Boehringer). The DBF2 gene was cloned in the XhoI͞BamHI sites of pYX212 (multicopy) and pYX112 (centromeric) vectors (Ingenius, Madison, WI), resulting in pYX-YDBF2 and pYXc-YDBF2, respectively.
Yeast strains were propagated on the complete medium, yeast extract͞peptone͞dextrose (YPD) (6) . For stress tests in yeast, YPD medium contained 1.2 M NaCl͞4 l H 2 O 2 ͞2 M sorbitol. For the growth tests, cells were grown in liquid YPD, and, after 36-hr culture at 30°C, density was adjusted to OD 600 at 2. Serial dilutions, 1:10, were made at each step. Of each dilution, 10 l was spotted on different media and incubated at 28°C for 3 days or at 42°C for 3 days.
Yeast Transformation. Yeast strains were transformed with the LiCl method (7) .
Synthesis of the cDNA Library and Screening for Osmotolerance. The cDNA synthesis kit (Pharmacia) was used for the synthesis of the library. The cDNA library was constructed in the pYX212 vector (2 l plasmid with the URA3-selectable marker and cloning sites downstream from the triosephosphate isomerase gene promoter; Ingenius) by using poly(A) ϩ RNA from Arabidopsis siliques. Oriented cloning was made with the d(T)18-XhoI primer for the reverse transcription and by ligating an EcoRI linker to the cDNA. The cDNA library was transformed in DY. Primary transformants (40,000) were selected on SD mineral medium (6) without uracil and supplemented with adenine (50 g͞ml). Replica plating was performed every 3 days on increasing LiCl concentrations, up to 100 mM. LiCl is commonly used for screening of salt tolerance in yeast (8) , and 100 mM LiCl induces salt and osmotic stresses.
DNA and Protein Sequence Analysis. Double-stranded plasmid DNA was sequenced on both strands by the dideoxy chain termination method on an automated DNA sequencer by using
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dye primer as described (9) . Sequence comparison and analysis of protein motifs was done as described (9) . Northern Analysis. Total RNA was extracted from plant cells (10) and from yeast cells (11) . RNA (10 g yeast RNA, 20 g Arabidopsis or tobacco RNA) was separated by agarose gel electrophoresis and transferred to a Gene Screen hybridization membrane (NEN). RNA blots were hybridized to DNA probes randomly labeled with 32 P corresponding to DBF2 (1.8-kb insert of pYX-AtDBF2 or 1.7-kb insert of pYX-YDBF2). In Arabidopsis, a single band of 1.85 kb corresponding to At-DBF2 was detected.
Kin1 (12) Arabidopsis cDNA fragments were amplified by PCR by using the following primers: 5Ј-TCA GAG ACC AAC AAG AAT GCC and 5Ј-CTT GTT CAG GCC GGT CTT GTC. The amplified fragment was 474 bp long for kin1. Hybridization of total RNA extracts from BY2 tobacco cells with kin1 and HSP17.6 (10, 13) at high stringency resulted in the detection of single bands corresponding to 0.9-and 0.95-kb mRNAs, respectively, that are most probably tobacco kin1 and HSP17.6 homologues. These homologues were induced in stress conditions in a similar way as in Arabidopsis (J.H.L., unpublished results).
Western Analysis. Western analysis was performed as described (14) . Arabidopsis proteins have been extracted (10) . Forty micrograms of proteins was loaded on the polyacrylamide gel (12.5%) and blotted on Hybond-C membranes (Amersham). Antibodies used were raised against a synthetic peptide designed in At-DBF2 (positions 519-528), which was coupled to keyhole limpet hemocyanin (15) . Detection was with alkaline phosphatase (Boehringer Mannheim) according to the manufacturer's instructions. The apparent molecular mass of the detected At-DBF2 was 61.5 kDa.
Phosphoamino Analysis. At-DBF2 was immunoprecipitated from Arabidopsis plants with antibodies raised against the synthetic peptide (519-528), and Dbf2 was immunoprecipitated from DY culture with antibodies raised against the full Dbf2 protein (kindly provided by L. Leindl), each from 250 g total protein extracts and 2 g antibodies as described (16) . Phosphate labeling was performed as described (17) .
[␥-32 P]ATP was used as donor to label At-DBF2 and Dbf2 in vitro. Reaction was performed for 2 hr at 30°C.
After autophosphorylation, 32 P-labeled At-DBF2 or Dbf2 was hydrolyzed for 1 hr in 6 M HCl at 110°C and then electrophoresed at pH 1.9 on TLC. The plate was exposed to x-ray film (Kodak). (23) because of the important role of Dbf2 after the metaphase-to-anaphase transition (15) . Deletion of DBF2 is viable because of the existence of the homologue DBF20 (24) . (B2 and B3) The defective morphology of S7-4A can be complemented by transformation with the pYX112 centromeric plasmid that contains At-DBF2 and DBF2. (B4) Wild type (CG378 strain). Log phase cultures were shifted from 28 to 37°C and photographed after 16 hr. After 16 hr, 98% of the S7-4A cells arrested with a dumbbell morphology (B1) whereas 6, 1, and 0% of dumbbells were observed in B1, B3, and B4, respectively (average of 500 cells). (C) Phosphoamino analysis of At-DBF2 and Dbf2. Positions of ninhydrin-stained standards are shown; pY, phosphotyrosine, pS, phosphoserine, pT, phosphothreonine. Tobacco Cell Transformation and Recombinant T-DNA Vector Construction. BY2 cells were stably transformed as described (5) 
RESULTS
Screening of a cDNA Library from Arabidopsis Siliques and Isolation of At-DBF2. Because there is good evidence to believe that common mechanisms that determine osmotolerance exist in eukaryotes and because yeast is much more amenable to genetic studies than plants, we initiated the screening of a plant cDNA expression library through functional complementation in yeast to find limiting steps of osmotolerance. For this purpose, a cDNA library was generated from Arabidopsis siliques (fruits containing the maturing seeds) in the pYX212 vector. After transformation with the Arabidopsis cDNA library, yeast were selected for their ability to grow in the presence of 100 mM LiCl in a stepwise selection procedure (see Materials and Methods). In this screening, At-DBF2, a 1.8-kb cDNA that encodes a predicted 60.2-kDa protein with 81% similarity with the yeast Dbf2 kinase (21) , was identified (Fig. 1A) .
At-DBF2 Encodes a Functional Homologue of the Yeast Dbf2 Serine͞Threonine (S͞T) Kinase. The At-DBF2-deduced protein sequence contains the 11 characteristic domains of protein kinases, and the GSPDYIALE peptide in domain VIII indicates S͞T specificity (22) (Fig. 1 A) . Between domain V and VIII a 33-aa insertion (split in two positions) can be found in Dbf2, but not in the Arabidopsis-deduced sequence. The spacing between the kinase catalytic domains in At-DBF2 is identical to that in protein kinases. Nevertheless, At-DBF2 could complement the yeast dbf2 mutant (Fig. 1B) . Relatively low similarity (less than 40%) was also found with Ndr (nuclear, Dbf2-related) sequences from human, Drosophila melanogaster, and Caenorhabditis elegans (25) . Surprisingly, the Ndr-deduced proteins contain insertions (298-322 and 362-369) between domains V and VIII.
A phosphoamino analysis of At-DBF2 and Dbf2 proteins was performed with in vitro autophosphorylated proteins (Fig.  1C) . The protein digestion was electrophoresed, and autoradiography revealed the presence of phosphoserine and phosphothreonine in both Arabidopsis At-DBF2 and yeast Dbf2.
Stress Tolerance in Yeast Overexpressing At-DBF2. Because At-DBF2 had been identified in a screening for LiCl tolerance, the effect of overexpression in yeast was tested in other stress situations (Fig. 2) and compared with the yeast DBF2 gene. A remarkable increase in tolerance can be seen against osmotic, salt, heat, and cold stresses. Only oxidative stress tolerance was not improved. No apparent difference was observed between stress tolerance afforded by the plant or the yeast gene.
Expression of At-DBF2 and DBF2 During Stress. The results obtained above prompted us to investigate DBF2 expression in plants and yeast during stress situations. When Arabidopsis plants and yeast were exposed to polyethylene glycol (PEG)-and sorbitol-induced drought, At-DBF2 as well as DBF2 were induced rapidly (1 to 2 hr) and transiently (Fig. 3A) . The expression of At-DBF2 and DBF2 has been analyzed during FIG. 2 . Tolerance enhancement to osmotic, salt, heat, and cold stresses in yeast by overexpression of DBF2 or At-DBF2. DY yeast cells were grown for 16 hr in YPD (rich medium), and cell density was adjusted to OD600 at 2. Serial dilutions, 1:10, were made at each step. Ten microliters of each dilution was spotted on solid YPD medium (control) supplemented with 2 M sorbitol (osmotic stress), 1.2 M NaCl (salt stress), or 4 l H2O2 as described (26) other abiotic stresses in Arabidopsis plants or in yeast cells (Fig.  3B) . In plants as well as in yeast, there is a clear induction after heat, salt, drought, and, to a lesser extent, cold, but not after oxidative stress, which corresponds perfectly with the stresstolerance profile of yeast overexpressing At-DBF2. Moreover, At-DBF2 protein amount markedly increased upon stress (Fig. 3C) .
Overexpression of At-DBF2 Sense and Antisense RNA in Plant Cells. Transgenic plant cells overexpressing At-DBF2 were generated to test the role of this protein in stress tolerance in planta. Tobacco BY2 cells were stably transformed by A. tumefaciens carrying the At-DBF2 cDNA driven by the strong, constitutive CaMV 35S RNA promoter. The antisense At-DBF2 RNA also was overexpressed under the control of the same promoter. Three At-DBF2-overexpressing tobacco transgenic cell lines have been selected with a high and similar At-DBF2 expression and analyzed further. Three tobacco transgenic cell lines overexpressing antisense At-DBF2 were chosen that showed an undetectable tobacco DBF2 transcript level. Both the overexpression of At-DBF2 and the down-regulation of the endogenous gene by the antisense strategy did not result in significant differences in growth after 2 weeks (Fig. 4 A and B) . On the contrary, marked differences in growth were observed after a 2-week treatment with NaCl, PEG-induced drought, cold, or high temperatures. Transgenic lines that overexpressed At-DBF2 were clearly more tolerant whereas inhibition of the endogenous DBF2 expression was correlated with a higher sensitivity to those stresses. Oxidative stress induced similar reductions in growth of all transgenic lines tested. To understand the basis of stress tolerance in At-DBF2-overexpressing plant cells, expression of stressinduced genes was followed in control and stress conditions (Fig. 4C) . Tobacco kin1 and HSP17.6 homologues already were induced in At-DBF2-overexpressing tobacco cells in control conditions to a level similar to that observed during stress conditions (PEG-induced drought), suggesting that At-DBF2 overexpression may mimic a stress signal.
DISCUSSION
A functional, highly conserved homologue of the yeast DBF2 has been cloned in A. thaliana, which apparently is conserved in plants as suggested by a Southern analysis in tobacco and tomato (data not shown). All conserved amino acids in the 11 protein kinase catalytic domains were found in the deduced At-DBF2 amino acid sequence. S͞T specificity, which was indicated by the deduced sequence, was supported further by a phosphoamino analysis of the At-DBF2 protein. The spacing between the catalytic domains in the deduced At-DBF2 sequence is identical to that in most protein kinases. The yeast Dbf2 sequence as well as the Ndr animal sequences show conserved insertions between domains VI and VIII. Never- 
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Plant Biology: Lee et al. Proc. Natl. Acad. Sci. USA 96 (1999) theless, the successful complementation of a yeast dbf2 deletion mutant with At-DBF2 suggests that these inserted sequences are not necessary for kinase activity. The function of these insertions is not known but their proximity to the catalytic site could indicate a role in the regulation of the kinase activity. The yeast Dbf2 kinase is one of the components of the multisubunit CCR4 general transcriptional complex (27) . The CCR4 complex may be conserved in eukaryotes and might play an important role in expression control. A CAF1 homologue (another subunit of the CCR4 complex) has been identified in mouse that could interact with the yeast CCR4 (28) . A homologous CAF1 sequence is also present in human, C. elegans, and in the Arabidopsis database of expressed sequence tags. In addition, we now provide strong evidence for functional conservation of Dbf2 in plants. Our results suggest that Dbf2 could be a limiting factor for CCR4 activity. The presence of only one kinase in the CCR4 complex supports our hypothesis. Dbf2 is a cell cycle-regulated phosphoprotein, which is active only in a dephosphorylated form. Overexpression of DBF2 in yeast results in constitutive kinase activity because a posttranslationally deactivating mechanism becomes saturated (15) . Overexpression of the functionally conserved At-DBF2 probably has the same effect.
We have demonstrated here the essential role of DBF2 in stress (heat, salt, osmotic, and cold) response of yeast and plant cells by showing the striking tolerance upon overexpression, the rapid induction upon stress, and the sensitivity of the yeast dbf2 mutant (ref. 27 ; unpublished results) as well as of the DBF2 antisense plant cell lines. Moreover, the high expression of At-DBF2 in siliques (data not shown) may be related to the desiccation tolerance typical of this organ. The role of DBF2 or At-DBF2 during stress is not known. As part of a transcriptional complex, DBF2 and At-DBF2 may control key genes in stress tolerance. This is indicated by the fact that in plant cells constitutively overexpressing At-DBF2, several stressresponsive genes already are induced in control conditions. Clearly, At-DBF2 plays a role in the regulation of gene expression, yet little is known about how it functions at the cellular and molecular levels. Dbf2 may phosphorylate a chromatin-remodeling factor because the CCR4 complex has been proposed to act at a postchromatin-remodeling stage (29) .
For many crops, traditional breeding practices have fallen short of providing real prospects for further improvement of stress tolerance. Given the polygenetic character of the stress response, the engineering of transcriptional regulators looks promising. The overproduction of CBF1, a transcriptional regulator of cold-responsive genes, or of DREB2A, a transcriptional factor of dehydration-responsive genes, has been shown to enhance cold tolerance and dehydration tolerance in Arabidopsis, respectively (30, 31) . The overproduction of At-DBF2 can enhance multiple stress tolerance, which constitutes a clear advantage in agriculture. These results undoubtedly open new routes for the study of stress signaling, but also for engineering transgenic crops with enhanced stress tolerance.
